THE hemodynamic effects of isoproterenol have been described in the literature in a variety of clinical1-2 and experimental conditions.13-16 In these reports, the action of this drug on the heart rate and stroke volume has been emphasized. However, no attempt has been made to study its hemodynamic consequences in man when the heart rate is maintained constant throughout the experiment. Under this circumstance it is possible to separate the peripheral from the central effects of this drug on the circulation.
In previous reports'7' 18 we emphasized that exercise in patients with heart block at a fixed heart rate resulted in a marked increase in the stroke volume and cardiac output. Bruce, Cobb, Katsura, and Morledge'9 have suggested that isoproterenol can be used to mimic some of the effects of exercise, by virtue of its action on the cardiac output, stroke volume, and heart rate.
This study was undertaken in order (a) to determine the hemodynamic consequences of isoproterenol in patients with complete heart block at a fixed heart rate and (b) to compare the effects of this drug with the ones produced by exercise at a constant fixed heart rate. Materials studied (average age 71.7 years). All patients had documented clinical and electrocardiographic evidence of myocardial infarction. The presence of complete heart block was confirmed by repeated electrocardiograms demonstrating the presence of this arrhythmia. All patients had a permanent pacemaker implanted in the free wall of the left ventricle for treatment of heart block. The pacemaker rate was fixed within the range of 62 to 72 impulses per minute, with an average of 68. The patients were studied 3 to 12 months after operation.
The cardiac output was determined by the indicator-dilution technic with use of indocyanine (Cardiogreen) * as an indicator. The indicator, in an amount of 6.25 mg., was rapidly injected into the left medial cubital vein through a no.-18 Cournand needle and flushed with 15 ml. of 5 per cent dextrose in water. The blood was withdrawn from the right brachial artery through a no.-18 Cournand needle at a constant flow rate of 38.2 ml. per minute by means of a withdrawal-perfusion pump.t A Gilford cuvette densitometer (Model 103 IR)+ was used to detect the injected dye. The output of the densitometer was coupled to the input of a dye-dilution computer (Model 130) and the area under the curve was obtained by this means. The curves were also recorded 
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A detailed description of this technic and a comparison with the figures obtained with the use of Hamilton's formula are described in our previous report.20 Arterial pressures were recorded with a P 23 Db Statham strain-gage. Mean pressures were obtained by electronic filtering. Peripheral resistance, ventricular work, and stroke power were calculated from Gorlin's formula.21 The ejection time was calculated from the brachial artery tracings.22 Tension-time index was calculated from Sarnoff's formula.23
All procedures were performed with local anesthesia without premedication. Isoproterenol* was infused intravenously at a constant rate of 2 micrograms per minute for a period of 15 minutes. Measurements were made before infusiorn, at 1, 2, 4, 6, 10, and 15 minutes during the infusion of this drug, and at 10, 20, and 30 minutes after discontinuance of the drug. All measurements were made in the supine position.
Four cases were subjected to exercise at a work load of 206 Kg. M./min. for a period of 4 minutes at the same fixed heart rate as used during the infusion of isoproterenol. The exercise test was performed with the use of a bicycle ergometert 1 hour prior to infusion of isoproterenol.
One case was studied with a bipolar catheter placed in the right ventricle and the heart rate was controlled by this means. Measurements were made at two fixed heart rates of 50 and 70 beats per minute.
Results

Isoproterenol Heart Rate
The heart rate was fixed throughout the experiment in all cases. The rate of pacing ranged from 62 to 72 beats per minute, with an average rate for the entire group of 68 beats per minute.
Cardiac Index
The cardiac index increased in all cases during intravenous infusion of isoproterenol ( fig. 1 ). The rise in this function occurred within 1 minute after beginning the infusion and this increase was maintained throughout the 15-minute period. The average control cardiac index was 2.78 L./min./M.2 and this figure increased to 4.56 (64 per cent increase) and 4.41 L./min./M.2 (58 per cent increase) at 10 and 15 minutes during infusion of this drug, respectively. Discontinuance of the drug resulted in a gradual decline of the cardiac index to the control values and this occurred between the twentieth and thirtieth minutes (table 1) .
Stroke Index
A marked rise in the stroke index occurred in all cases. This increase averaged 67 per cent at 10 minutes and 59 per cent at 15 minutes during infusion of the drug (fig. 2 ).
In one case, the measurements were made at two fixed rates of 50 and 70 beats per minute. It was noted that the cardiac index reached identical levels. Since the heart rate was fixed, these changes occurred as a function of large changes in the stroke volume, which paralleled the increase in the cardiac index. Circulation, Volume XXXI, 48 per cent decrease in peripheral resistance was observed. This decrease was greater than the one observed when the heart rate was also influenced by this drug ( fig. 3 ).
Brachial Artery Pressure
There was no significant change in the systolic arterial pressure, which averaged 117 mm. Hg before infusion and 116 mm. Hg at 10 minutes during infusion. The absence of changes in the systolic pressure is in contrast to the changes observed when the heart rate is not fixed, in which situation the systolic pressure usually increases up to 20 per cent of the control values.
The diastolic pressure decreased significantly with a maximum response obtained 10 minutes during infusion, at which time the average decrease was 30 per cent of the control figures (55 mm. Hg at control and 39 mm. Hg at 10 minutes). The mean pressure also decreased significantly during infusion of this drug ( fig. 3 ).
Ventricular Work
There was a marked increase in the work index in all cases. The maximal average increase occurred at 10 minutes during infusion during which time the left ventricular work was 7.25 Kg. M./min./M.2 as compared with 4.31 Kg. M./min./M.2 at the control levels. This represents a 68-per cent increase ( fig. 4 and table 1).
Stroke Power
There was a 75-per cent increase in the stroke power at the tenth minute of infusion of isoproterenol. The effect of the drug on this factor occurred within 1 minute after the beginning of infusion (45-per cent increase) and persisted throughout the entire period of infusion ( fig. 5 ).
Tension-Time Index
No consistent changes in this index were observed throughout the study. There was a tendency for a mild decrease as observed during the tenth minute of infusion, but this change was not consistent. The average Res.) at two fixed heart rates of 50 and 70 beats per minute. Note the lower C.I. and higher S.I. at a rate of 50 with a higher C.I. and lower S.I. at a rate of 70 per minute. The peripheral resistance paralleled the changes in the C.I. and S.I. In four cases the effects of exercise and isoproterenol on the cardiac functions were compared.
The heart rate was maintained fixed throughout the study. The increase in the cardiac index during the exercise paralleled the increase obtained during infusion of isoproterenol (41-per cent increase during the fourth minute of exercise compared with 36 per cent obtained during the fourth minute of infusion). Changes in the stroke index were nearly identical to the ones described for the cardiac index ( fig. 8 ). The arterial systolic pressure increased 36 per cent during exericse as compared with a 9-per cent increase obtained with isoproterenol. The tension-time index inconsistently increased with isoproterenol while there was a consistent increase in it during exercise (44-per cent increase).
Discussion
The present data emphasize the important contribution of the stroke volume in the regulation of the cardiac output in a situation in which the heart rate is maintained constant throughout the study.
The cardiovascular effects of isoproterenol at a fixed heart rate were characterized by an increase in cardiac output, stroke volume, left ventricular work, stroke power, and a marked decrease in the peripheral resistance and a mild decrease in the systemic mean and diastolic pressures.
The question is raised as to whether these effects are the result of direct action upon the myocardium, thereby increasing contractility, or due to a peripheral action, producing vasodilatation and, indirectly, by means of a reflex arc increasing the cardiac output.
Previous studies by Garb,24 Lands and Howard25 and Winterscheid, Bruce, Blumberg, and Merendino26 have shown that isoproterenol increased both the rate and strength of contraction of intact hearts and 60 -i 423 isolated heart muscle preparations. Thus, this is evidence of an inotropic action by means of which cardiac contractility is increased. The positive chronotropic action of this drug has led to its clinical use in the treatment of the various forms of heart block and arrhythmias.7-However, in all of these studies the actions of this drug were studied in conditions in which the heart rate was not controlled. Thus the contribution of the stroke volume to the increase in the cardiac output during infusion with this drug could not be analyzed.
In experimental conditions in which the heart rate is not controlled similar cardiovascular changes are observed as described above. However, the contribution of the stroke volume to the increase in cardiac output is minimal because of the concomitant rise in the heart rate, The fact that under these cir-cumstances changes in the stroke volume did not occur should not be used as evidence against its possible contribution in the regulation of the cardiac output. Indeed, in the conditions described in our study changes which occurred in the cardiac output could only be related to changes in the stroke volume. What are the possible mechanisms involved in bringing about these changes? The increase in the cardiac output seen in our experiments demonstrates that the effect of this drug was either directly related to its stimulant effect on the myocardium or in the peripheral circulation, or both. Altschule36 has suggested that sympathomimetic amines have a powerful effect on the peripheral veins, thereby increasing the venous return to the heart. The data presented here appear to suggest that the effect of this drug on the myocardium could conceivably be mediated through a re- At the time when the stroke index increased 67 per cent the peripheral resistance decreased 48 per cent. It is thus conceivable that a decrease in the peripheral resistance was the initial mechanism that brought about a compensatory increase in the cardiac output through a reflex increase in the stroke volume. Therefore, our data indicate that the cardiac output, under certain circumstances, may be regulated to provide required flow, mainly through changes in the peripheral resistance and compensatory changes in the stroke volume even though adjustment in the heart rate is another means of obtaining this goal. The cardiovascular effects of isoproterenol have been compared with the effects of exercise. Bruce, Cobb, Katsura, and Morledge19 found that both produce tachycardia, increased cardiac output and pulse pressure, Circulation, Volumte XXXI, with a dec peripheral change in rease in the ejection time and the resistance, but with little or no the stroke volume. In fact, the cardiovascular response to isoproterenol in normal animals is characterized by a decrease in the stroke volume. These effects were demonstrated by Franklin, Van Citters, and Rushmer. 37 In contrast, the effect of exercise and isoproterenol at a fixed heart rate resulted in a rise in the cardiac output solely by changes in the stroke volume.
It was also of interest that the left ventricular ejection time did not change significantly throughout the exercise or during infusion of isoproterenol despite a marked increase in the stroke volume. Therefore, the pattern of ventricular ejection might have changed in both circumstances.
The fact that this drug elevated the cardiac output and stroke volume in the absence of changes in heart rate is of clinical interest. This observation was also made by Dodge, Lord, and Sandler38 in conditions in which the heart rate was not maintained fixed throughout the experiment. Its possible usefulness in the management of cases of refractory heart failure is also raised. It is also suggested that this drug can be used in patients with heart block with a permanent pacemaker in whom the increase in heart rate is not of primary concern. The fact that isoproterenol increases the cardiac output in the presence of a fixed heart rate seems to justify this observation.
Summary and Conclusions
The effect of intravenous infusion of isoproterenol on the cardiac dynamics was studied in eight patients with complete heart block. The studies were performed at a constant fixed heart rate.
The infusion of isoproterenol resulted in a 64-per cent increase in the cardiac index, a 66-per cent increase in the stroke index, a 19-per cent decrease in the mean systemic pressure, a 68-per cent increase in the left ventricular work, a 75-per cent increase in the M P, mean pressure; Per. Res., peripheral resistance; TTI, SP, stroke power; ET, ejection time; D, during; A, after. stroke power, and a 48-per cent decrease in the peripheral resistance.
Exercise and isoproterenol in the same group of patients produced identical effects on the cardiac output and stroke volume.
The possible use of isoproterenol in patients with heart failure and with a permanent pacemaker seems to be justified on the basis of an increase in the cardiac output at a fixed heart rate. These data, therefore, emphasize the important contribution of the stroke volume and the peripheral resistance in the regulation of the cardiac output when the heart rate is maintained fixed with a cardiac pacemaker.
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